Translational biomarkers, such as prepulse inhibition (PPI) of the acoustic startle response, are playing an increasingly important role in the development of antipsychotic drugs for schizophrenia and related conditions. However, attempts to reliably induce a PPI deficit by psychotomimetic drugs have not been successful, leaving an unmet need for a cross-species psychosis model sensitive to this widely studied surrogate treatment target. Sleep deprivation (SD) might be such a model as it has previously been shown to induce PPI deficits in rats, which could be selectively prevented with antipsychotic but not anxiolytic or antidepressant compounds. Here, in a first proof-of-concept study we tested whether SD induces a deficit in PPI and an increase in psychosis-like symptoms in healthy humans. In two counterbalanced sessions, acoustic PPI and self-reported psychosis-like symptoms (Psychotomimetic States Inventory) were measured in 24 healthy human volunteers after a normal night's sleep and after a night of total SD. SD decreased PPI (p ϭ 0.001) without affecting the magnitude or habituation of the startle response (all p Ͼ 0.13). SD also induced perceptual distortions, cognitive disorganization, and anhedonia (all p Ͻ 0.02). Thus, extending previous rodent work, we conclude that SD, in combination with the PPI biomarker, might be a promising translational surrogate model for psychosis as this method represents a possibility to partially and reversibly mimic the pathogenesis of psychotic states.
Introduction
Prepulse inhibition (PPI) refers to a reduction of response to a strong stimulus (pulse) if this is preceded with short stimulus onset asynchrony (SOA) by a weak stimulus (prepulse; Graham, 1975) . PPI provides a simple operational measure of sensorimotor gating, serving to prevent the interruption of ongoing perceptual and early sensory analysis (Braff and Geyer, 1990) , shows high test-retest reliability (Cadenhead et al., 1999; Ludewig et al., 2002a) and is amenable to cross-species comparisons (Swerdlow et al., 1994) .
PPI is reliably reduced in schizophrenia (Braff et al., 1978 (Braff et al., , 2001a Kumari et al., 2000 Kumari et al., , 2007b Ludewig et al., 2003; Swerdlow et al., 2006 Swerdlow et al., , 2014 , the prodrome of schizophrenia (Quednow et al., 2008) , schizotypal personality disorder (Cadenhead et al., 2002) , psychosis-prone healthy individuals (Swerdlow et al., 1995; Kumari et al., , 2008 , and unaffected relatives of schizophrenia patients (Cadenhead et al., 2000; Kumari et al., 2005) . Corticostriato-pallido-thalamic circuitry modulates PPI in the rat ) and these neural substrates are implicated in the pathophysiology of schizophrenia and the therapeutic actions of antipsychotics . These regions are also found active in functional imaging studies of healthy humans and show deficient activation in schizophrenia (Kumari et al., 2003 (Kumari et al., , 2007a , making PPI a valuable biomarker to probe the pathophysiology and treatment of schizophrenia. PPI is often used to investigate the effects of putative antipsychotic compounds in animal research . In healthy human volunteers, however, treatment efficacy, which should take the form of deficit correction, may not be determined meaningfully unless deficits are first induced by some pharmacological or experimental means (Kumari and Sharma, 2002) .
In rats, sleep deprivation (SD) reduces PPI (Frau et al., 2008 , Liu et al., 2011 and this reduction can be selectively reversed by antipsychotic (but not anxiolytic or antidepressant) drugs (Frau et al., 2008) . To our knowledge, there are no studies on the effects of SD on PPI in humans. Here, we aim to fill this gap in the literature. If the PPI-decreasing effect of SD can be replicated in humans, the SD paradigm could prove a powerful model system of psychosis with strong clinical relevance.
Of relevance, sleep disturbance is a well documented symptom of schizophrenia and hallucinatory disorders (Benca et al., 1992) . The severity of sleep disturbance is associated with the severity of psychotic symptoms and is reduced by antipsychotic treatments in schizophrenia (Monti and Monti, 2004) . Severe insomnia is often seen during exacerbations of schizophrenia, and may precede the appearance of other symptoms (Monti and Monti, 2004) . Insomnia is associated with paranoia even in the general population (Freeman et al., 2009 ). Furthermore, the SD method, if shown to work as a psychosis model, would provide a feasible method as SD-induced behavioral disturbances are fully reversible following restorative sleep (Ratcliff and Van Dongen, 2009) .
Therefore, in this proof-of-concept study, we investigated the effects of 24 h SD on PPI in a sample of healthy human volunteers. We hypothesized to find SD-induced PPI deficits and a concurrent increase in psychosis-like symptoms.
Materials and Methods
Participants. Healthy male and female volunteers (aged 18 -40 years) were recruited via flyers and circular e-mails from the student population at the University of Bonn. After initial contact, potential participants were invited to a telephone screening in which the exclusion criteria were addressed: Pittsburgh Sleep Quality Index Ͼ5 (Backhaus et al., 2002) , regular time of going to bed later than 1:00 A.M., any sleep disorder, irregular sleep-wake rhythm, shift-working, current consumption of any drugs or medication (other than contraceptive pill or vitamins), verbal IQ Ͻ85 estimated with a standardized German vocabulary test (Lehrl, 1989) , diagnosis of a psychiatric disorder assessed with the Mini International Neuropsychiatric Interview (Lecrubier et al., 1997) , Beck Depression Inventory Ͼ18 (Kühner et al., 2007) , diagnosis of a neurological disorder, hearing impairments, visual impairment other than glasses or contact lenses, regular nicotine consumption, and body mass index Ͼ25. The study was approved by the ethics committee of the Department of Psychology, University of Bonn, and participants provided written informed consent before inclusion. Participants were compensated with either class credits or €80.
Procedure. The study used a counterbalanced within-subjects design with each participant being tested on PPI and some other tasks starting ϳ8:00 A.M. after a night of normal sleep or after a night of total SD. Testing sessions were scheduled 1 week apart. Procedures in both testing sessions are depicted in Figure 1 .
Both testing sessions started in the evening at 8:30 P.M. with a urine drug screening test (nal von minden) and the completion of the Psychotomimetic States Inventory (PSI; Mason et al., 2008) . No positive drug tests were obtained at any point in the study. The PSI measures psychosis-like states and includes subscales of delusional thinking, perceptual distortions, cognitive disorganization, anhedonia, mania, and paranoia. At 9:00 P.M. Stanford Sleepiness Scale (SSS; Hoddes et al., 1973) was completed and a learning task was administered.
In the normal night condition, participants subsequently had some free time in which they were allowed to read or watch a movie before they had to go to bed shortly before 11:00 P.M. in a comfortable bed in the sleep laboratory. In the morning, participants were woken up at 6:55 A.M. and bedside assessments of SSS followed at 7:00 and 7:15 A.M. After getting up, another assessment of SSS followed at 7:30 A.M. before a light, standardized breakfast. At 8:00 A.M., SSS was measured again and a test battery (total duration ϳ90 min) including PPI, oculomotor tasks (proand antisaccades, smooth pursuit eye movements), moral dilemmas, working memory, and creativity, was administered. The tests were presented in a pseudorandomized order (starting with either PPI or oculomotor tasks due to restricted access to startle and eye tracking equipment followed by a randomized order of the other tests). Testing always ended with assessment of SSS and the PSI. Participants were dismissed at ϳ10:00 A.M. Data represent means (standard deviations) unless otherwise specified. Startle amplitude is depicted in digital units (1 unit ϭ 2.62 V). Percentage PPI is the overall mean across prepulse intensities and SOA conditions.
In the SD condition, participants had to stay awake during the whole night in the presence of an examiner. In the evening, after completion of SSS and a learning task, they filled in some demographic and personality questionnaires. During the night, participants were allowed to read, watch movies, and play board games with the examiner. Participants had to abstain from eating and drinking except for water. In addition, the examiner took the participants for 15 min walks at 10:30 P.M., 1:30 A.M., 4:30 A.M., and 6:30 A.M. In the morning, the procedures were the same as in the normal night condition with the exception that SSS measurements at 7:00 and 7:15 A.M. were measured sitting upright. At dismissal, participants were reminded not to steer any vehicles or operate heavy machines and to have a good rest at home.
Startle response measurement. An electromyographic (EMG) startle system (Mark II; SR Labs) was used for the delivery of acoustic startle stimuli and the recording and scoring of EMG activity (digital units; 1 unit ϭ 2.62 V). Recording and scoring methods followed those in previous articles (Quednow et al., 2006a,b) . Each startle session began with a 3 min acclimation period of 70 dB background noise that continued throughout the session. The paradigm used a pulse (a 115 dB white-noise sound pulse, duration of 40 ms) presented either alone or following a prepulse (either a 78 dB, 20 ms white-noise burst or an 85 dB, 20 ms whitenoise burst that preceded the pulse by an SOA of 30, 60, or 120 ms). Startle session began with the first block consisting of five pulse-alone (PA) trials. This block was followed by three blocks of 21 trials, which consisted of three trials each of the six prepulse conditions and three PA trials presented in a fixed, pseudorandom order. The paradigm concluded with the last (fifth) block consisting of five more PA trials for a total of 73 trials. The intertrial interval averaged 14 s (range, 9 -22 s). The entire session lasted ϳ21 min. PPI, startle reactivity, and habituation measures were calculated as previously described (Quednow et al., 2006a,b; Petrovsky et al., 2013) . Due to habituation across the test session, PA trials from the middle blocks (i.e., blocks 2-4) were taken to calculate PPI (Cadenhead et al., 2000) .
Statistical analyses. Statistical analyses were performed using IBM SPSS Statistics 22 (IBM). Data were analyzed with multivariate ANOVA (MANOVA; Wilks lambda, ⌳). The significance level was set at p Ͻ 0.05. P values of post hoc tests were Bonferroni-corrected.
Sleepiness (SSS scores) were analyzed with MANOVA with sleep condition (normal night, SD) and time of measurement (9:00 P.M., 7:00 A.M., 7:15 A.M., 7:30 A.M., 8:00 A.M., 10:00 A.M.) as within-subjects factors and order (normal night first, SD first) as a between-subjects factor.
Startle reactivity across blocks was examined with MANOVA on PA amplitude with sleep condition (normal night, SD) and block (1, 2, 3, 4, 5) as within-subjects factors and order (normal night first, SD first) as a between-subjects factor. Initial startle reactivity (amplitude over first 5 PA trials, block 1) and habituation measures (also calculated on PA amplitudes: early habituation, total habituation, and coefficient b) were analyzed with MANOVA with sleep condition (normal night, SD) as within-subjects factor and order (normal night first, SD first) as a between-subjects factor. PPI data were analyzed with MANOVA with sleep condition (normal night, SD), prepulse intensity (78 dB, 85 dB) and SOA (30 ms, 60 ms, 120 ms) as within-subjects factors, and order (normal night first, SD first) as a between-subjects factor.
Effects on PSI scores were examined with MANOVA with sleep condition (normal night, SD) and time of measurement (evening, morning) as within-subjects factors and order (normal night first, SD first) as a between-subjects factor.
Partial correlational analyses (Pearson's r) examined the relationships between PPI change scores (i.e., difference scores derived from SD minus normal night) and PSI change scores (SD minus normal night) while controlling for PA amplitude (change score of averaged PA trials from blocks 2-4) and sleepiness (change score of SSS at 8:00 A.M.). To restrict the number of correlations performed, only PSI and PPI scores that showed significant change with SD were examined (i.e., perceptual distortion, cognitive disorganization, and anhedonia with PPI data at the 30 and 60 ms SOAs, each averaged across intensity, hence a total of 6 correlations). Bonferroni-corrected threshold level of significance for correlation coefficients was set at p ϭ 0.05/6 ϭ 0.008.
Results
Demographic and psychophysiological data are shown in Tables  1 and 2 . SSS Participants' sleepiness was significantly higher after SD than after a normal night (Fig. 2 ). There were main effects of sleep condition (⌳ ϭ 0. 30, F (1,22) 0.79), as well as an interaction of sleep condition ϫ time of measurement (⌳ ϭ 0.25, F (5,18) ϭ 8.84, p Ͻ 0.001, p 2 ϭ 0.75) on sleepiness. Post hoc tests indicated that participants rated their sleepiness during the SD condition significantly higher than during the normal sleep condition for all five time points in the morning (all p Ͻ 0.04). Sleepiness ratings at 9:00 P.M. from the previous evening did not differ between conditions ( p ϭ 0.68).
Startle amplitude and habituation
No startle nonresponders were identified in this sample. For PA amplitude (i.e., startle reactivity) over the five blocks, there was a main effect of block (⌳ ϭ 0.23, F (4,19) ϭ 15.62, p Ͻ 0.0001, p 2 ϭ 0.77), indicating startle habituation across blocks. The interaction of sleep condition ϫ block was not significant (⌳ ϭ 0.88, F (4,19) ϭ 0.64, p ϭ 0.64, p 2 ϭ 0.12), suggesting equal habituation across blocks in normal night and SD conditions and. There were no further main or interaction effects (all F Ͻ 0.40, all p Ͼ 0.53).
Mean amplitude of PA trials from the first block as well as the habituation measures of PA trials (early habituation, total habituation, and coefficient b) did not reveal any main (all F Ͻ 2.01, all p Ͼ 0.17) or interaction (all F Ͻ 1.28, all p Ͼ 0.27) effects which also indicates no effects of SD on PA amplitudes.
PPI
There was a main effect of SOA (⌳ ϭ 0.23, F (2,21) ϭ 35.22, p Ͻ 0.0001, p 2 ϭ 0.77) reflecting the well known effect of PPI to increase with rising SOA and showing the maximal magnitude at 120 ms (Braff et al., 2001b) . The main effect of prepulse intensity did not reach significance (⌳ ϭ 0.87, F (1,22) ϭ 3.42, p ϭ 0.08, p 2 ϭ 0.13) although illustrating that stronger prepulses (i.e., 85 dB) tended to induce greater levels of PPI than weaker prepulses (i.e., 78 dB; Braff et al., 2001b) .
There was a main effect of sleep condition on PPI (⌳ ϭ 0.59, F (1, 22) ϭ 15.54, p ϭ 0.001, p 2 ϭ 0.41) demonstrating a reduction of PPI with SD (Fig. 3) . Furthermore, the interaction of sleep condition ϫ SOA was significant (⌳ ϭ 0.59, F (2,21) ϭ 7.22, p ϭ 0.004, p 2 ϭ 0.41). Bonferroni-corrected post hoc comparisons revealed that the decrement of PPI by SD was formally significant for 30 ms SOA ( p ϭ 0.01) and 60 ms SOA ( p Ͻ 0.0001), but not for 120 ms SOA ( p ϭ 0.12).
The interaction of sleep condition ϫ SOA ϫ prepulse intensity was not significant (⌳ ϭ 0.89, F (2,21) ϭ 1.29, p ϭ 0.30, p 2 ϭ 0.11). There was neither a main effect of order (F ϭ 1.11, p ϭ 0.30), nor any further significant interactions (all F Ͻ 2.29, all p Ͼ 0.14). 
Correlations between PPI and PSI change scores
There were no significant correlations between the PPI and PSI change scores (all r Ͼ Ϫ0.3, all p Ͼ 0.05).
Discussion
This proof-of-concept study investigated whether a night of total SD leads to deficits in PPI and increases in psychosis-like symptoms in healthy human volunteers. PPI was significantly decreased in the SD condition compared with the normal night condition, in agreement with evidence from rodent studies (Frau et al., 2008; Liu et al., 2011) . Importantly, no effects of SD were observed for startle reactivity and habituation measures (i.e., no effects of SD for PA amplitudes were observed). Specifically, our pattern of results indicates that the SD-induced reduction of PPI stemmed from larger prepulse-pulse amplitudes rather than from decreased PA amplitudes, indicating true sensorimotor gating deficits following SD. Moreover, effect sizes of the SDinduced disruption of PPI were large, indicating a robust effect. We also replicated basic findings concerning the PPI phenomenon that are in line with previous studies (Braff et al., 2001b) : startle reactivity was initially high and showed habituation across blocks, PPI increased with rising SOA with a maximal magnitude of inhibition at 120 ms, and stronger prepulses tended to induce greater levels of PPI.
The present results showed that SD led to an overall disruption of PPI suggesting that SD decreased PPI across all prepulse intervals. This strong main effect indicates that SD might be an alternative method to the approach to pharmacologically induce deficits in PPI in healthy volunteers. For instance, while the glu- tamatergic NMDA receptor antagonist ketamine demonstrated PPI-disruptive effects in rodents (Braff et al., 2001b) , in healthy humans no effect (van Berckel et al., 1998; Duncan et al., 2001) or even PPI-increasing effects of ketamine (Abel et al., 2003) have been observed. Oranje et al. (2002) also found that ketamine alone did not disrupt PPI in healthy humans, although the combination of ketamine and haloperidol led to deficits in PPI. These results on ketamine exemplarily demonstrate that pharmacological findings in animals are not always easily transferable to humans. Thus, although cross-species translational drug studies of PPI remain important, it is of paramount importance to further pursue alternative cross-species models of psychosis such as SD.
Our results also revealed that the SD-induced disruption of PPI was stronger for the 30 and 60 ms prepulse intervals than for the 120 ms interval. These data suggest that acoustic PPI at short prepulse lead times (i.e., SOAs of 30 and 60 ms) might be more strongly affected by SD than PPI with a prepulse lead time of 120 ms which has been shown to be susceptible to attentional modulation (Li et al., 2009) . In healthy humans, directing attention to the prepulse signal enhances PPI (Li et al., 2009) , whereas attentional modulation of PPI is abnormal in schizophrenia patients (Dawson et al., 1993; Hazlett et al., 1998 ; for review, see Li et al., 2009 ) and individuals with schizotypal personality disorder (Hazlett et al., 2003) . Inhibition of the acoustic startle reflex at the 60 ms prepulse interval might actually be regulated at the boundary between automatic and attentionally sensitive inhibition (Swerdlow et al., 2006) and this transitional zone between unconscious and consciously accessible processing may also be an epoch of particular vulnerability to disruption (Swerdlow et al., 2006) . The 60 ms PPI is also most consistently deficient in schizophrenia (Swerdlow et al., 2006 (Swerdlow et al., , 2014 Aggernaes et al., 2010) further underlining the susceptibility of this point in time in information processing.
Using the attention-to-prepulse paradigm or a tactile PPI paradigm (Kumari et al., 2007a) , functional magnetic resonance imaging (fMRI) studies in humans revealed that (as in rodents) a frontal-striatal-thalamic (FST) circuitry underlies PPI. In addition, another fMRI study investigating FST circuitry during an attention-to-prepulse paradigm revealed that this neural circuitry is aberrant in schizophrenia-spectrum patients . So far, it is unknown which structures of the FST circuitry underlying PPI are affected by SD; however, it is likely that all FST regions are affected by SD as illustrated by the following molecular imaging studies of SD.
In healthy humans, glucose metabolism of the prefrontal and parietal cortices and of the thalamus decreased at 48 and 72 h SD (Thomas et al., 2003) , the same areas that showed decreases at 24 h SD (Thomas et al., 2000) . Similarly, 29 -34 h SD in healthy humans also decreased glucose metabolism of the frontal cortex, the thalamus, and the striatum (Wu et al., 2006) . Furthermore, Volkow et al. (2008) demonstrated that 1 night of SD in healthy humans led to a reduction in D2/D3 receptors in striatum, suggesting increased dopamine release. Given that pharmacologically induced increases in striatal DA, e.g., by administration of amphetamine, are known to disrupt PPI Swerdlow et al., 2008) , it is possible that the effects observed here stem from increased striatal DA. However, there is also evidence of cortical neurotransmitter changes following 1 night of SD in healthy humans, e.g., a global increase in mGluR5 binding (Hefti et al., 2013) and in 5-HT2A receptor binding (Elmenhorst et al., 2012) . Overall, it is likely that SD induces both cortical and subcortical changes involving multiple neurotransmitter changes, which in combination led to the PPI deficit observed here.
In the present study, SD also induced psychosis-like phenomenology: The PSI subscales of perceptual distortions, cognitive disorganization, and anhedonia showed the expected increases after a night of total SD, whereas delusional thinking, mania, and paranoia did not. Our results regarding these self-reports thus suggest that one night of SD induces subclinical, psychosis-like symptoms in the three key symptom domains of schizophrenia, namely hallucinations, thought disorder, and negative symptoms. These increases were of small-to-moderate magnitude. These findings are in line with data by West et al. (1962) who demonstrated that Ͼ100 h (i.e., ϳ5 d) of continuous insomnia must have passed for true psychotic symptoms, such as hallucinations, to emerge. Interestingly, evidence of delusions and paranoia did not emerge in our sample. Again, earlier studies (Berger and Oswald, 1962; Luby et al., 1962) observed full-blown delusions in healthy individuals after lengthier SD periods (of ϳ100 h). Finally, we did not find any significant correlations between PSI and PPI change scores. This lack of covariation indicates that SD led to different reaction profiles in different individuals despite overall main effects, suggesting the operation of interindividual factors in the response to the intervention.
There are some limitations of our study that deserve attention. First, some participants had difficulty falling asleep in the unfamiliar bed in the sleep laboratory. Thus, actual sleep duration of a normal night in the laboratory might not have been the same as a normal night's sleep at home. Future studies might want to add a familiarization session in which participants sleep one additional night in the laboratory before the actual sleep testing session. Second, future studies should also assess mood and anxiety before and after SD as anxiety levels might influence startle reactivity and/or PPI (Ludewig et al., 2002b) and as SD is known to lead to affective changes as well (Kahn-Greene et al., 2007 ). Third, we tested our participants in the morning following SD. Future studies might want to aim for additional, later test sessions as SD-induced deficits might become more pronounced over time.
In conclusion, we demonstrated that SD induced sensorimotor gating deficits and elevated self-reported psychosis-like experiences in healthy humans. Extending previous rodent work, we conclude that SD, in combination with the PPI biomarker, might be a promising translational surrogate model for psychosis as this method represents a possibility to partially and reversibly mimic the pathogenesis of psychotic states.
